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SUPPLEMENTARY MATERIALS
www.sciencemag.org/content/350/6267/1493/suppl/DC1 Materials and Methods Figs. S1 to S16 Tables S1 to S16 References (36-67) Movies S1 and S2 Point contacts provide simple connections between macroscopic particle reservoirs. In electric circuits, strong links between metals, semiconductors, or superconductors have applications for fundamental condensed-matter physics as well as quantum information processing. However, for complex, strongly correlated materials, links have been largely restricted to weak tunnel junctions. We studied resonantly interacting Fermi gases connected by a tunable, ballistic quantum point contact, finding a nonlinear current-bias relation. At low temperature, our observations agree quantitatively with a theoretical model in which the current originates from multiple Andreev reflections. In a wide contact geometry, the competition between superfluidity and thermally activated transport leads to a conductance minimum. Our system offers a controllable platform for the study of mesoscopic devices based on strongly interacting matter.
T he effect of strong interactions between the constituents of a quantum many-body system is at the origin of several challenging questions in physics. Although the ground states of strongly interacting systems are increasingly better understood (1), the properties out of equilibrium and at finite temperature often remain puzzling because these are determined by the excitations above the ground state. In laboratory experiments, strongly interacting systems are found in certain materials, as well as in quantum fluids and gases (1) . In solid-state systems, a conceptually simple and clean approach to probe nonequilibrium physics is provided by transport measurements through the well-defined geometry of a quantum point contact (QPC) (2) (3) (4) . Yet, the technical hurdles to realize a controlled QPC between strongly correlated materials pose a big challenge. Ultracold atomic Fermi gases in the vicinity of a Feshbach resonance, in the so-called unitary regime, provide an alternative route to study correlated systems (5) . Superfluidity has been established at low temperature (6) , but the finitetemperature properties are only partially understood (7-10)-a situation similar to the field of strongly correlated materials.
Recent progress in the manipulation of cold atomic gases has enabled the realization of a RESEARCH mesoscopic device featuring quantized conductance between two reservoirs in the noninteracting regime (11) . We used this technique to create a QPC in a strongly interacting Fermi gas consisting of 1.7(2) × 10 5 6 Li atoms in each of the two lowest hyperfine states, in a magnetic field of 832 G, at which the interaction strength diverges owing to a broad Feshbach resonance [numbers in parentheses indicate the uncertainty on the last digit. Here, 1.7(2) means 1.7 ± 0.2]. The atoms form a strongly correlated superfluid, with a pairing gap larger than the chemical potential (5) . Typical temperatures in the cloud are T = 100(4) nK at a chemical potential of m = 360 nK · k B , where k B is the Boltzmann constant. The setup is presented in Fig. 1A (12) . The QPC is characterized by transverse trapping frequencies of v x = 10.0(4) kHz and v z = 10(3) kHz in the x and z direction, respectively. Along the y direction, the curvature of the magnetic field yields an underlying harmonic trap, with a frequency of 31 Hz. An optical attractive "gate" potential is used to tune the chemical potential and the number of channels in the QPC (Fig. 1B) (12) . This gate potential is formed by a Gaussian beam propagating along z. We prepare two atomic clouds (reservoirs) with an atom number difference DN while blocking transport through the QPC with a repulsive laser beam. This results in a chemical potential bias between the two reservoirs Dm = f (DN, T/T F ), with the Fermi temperature T F and the function f derived from the equation of state (EoS) of the trapped Fermi gas at unitarity (8, 12) .
We opened the QPC and measured DN as a function of time t. This evolution is presented in Fig. 2A for various strengths of the gate potential V G . We observed that DN decays from its initial value to zero over a time scale of 0.5 to 1.5 s. The shape of the decay curves deviates from an exponential and is a direct manifestation of a nonlinear relation between DN and the atom current (13) .
We extracted the numerical derivative of these data (12) , yielding the instantaneous current at a function of Dm (Fig. 2B) . We normalized the current and bias by the strength of the pairing gap D using the known relation of D with the chemical potential m for the low-temperature Fermi gas, D = h/x · m, with h = 0.44 being the universal pairing gap (14) and x = 0.37 the universal ground state energy (8, 15) in units of the Fermi energy at zero temperature.
The current-bias characteristics in Fig. 2B are strongly nonlinear for all the choices of V G , featuring a very strong response at low bias. The high-bias regime approaches a linear dependence with a nonzero intercept on the current axis, marking an excess current that depends on the strength of the V G . The current is much larger than what is observed for noninteracting atoms (11), as observed in earlier measurements on strongly interacting atoms in multimode channels (16) .
We modeled the experimental system as two superfluid reservoirs connected by a singleparticle-hopping mechanism solely characterized by the transparency a of the QPC (Fig. 2,  inset) (17) (18) (19) (20) (21) . This is motivated by the large proximity effect in superfluids separated by a ballistic normal barrier (22) . Indeed, we expect a coherence length of ħv F /k B T~3 mm, where ħ is Planck's constant h divided by 2p, v F is the Fermi velocity, and T is the temperature of the gas. This is comparable with the half-width half-maximum length of the laser beam creating the channel (3.3 mm). Thus, we approximated the channel with a point-like connection, an approximation suited for the high-transparency regime (12) . Applying a nonequilibrium Keldysh Green function technique (23) in mean-field approximation (12), we calculated the theoretical current-bias curves for our experimental parameters. Our model does not explicitly account for any finite size or geometrydependent effects, which we think of as absorbed in the transparency a.
Because the pairing gap and the EoS of the unitary gas are known a priori, the only free parameter in our model is the transparency a n for each transverse mode n in the QPC (12) . The solid lines in Fig. 2B indicate the results with the best fits of a. For the two lowest gate potentials, we obtained good agreement with a single-channel model, whereas for higher gate potentials, three channels are required, which is in agreement with our reference measurement with a weakly interacting Fermi gas (11) .
The agreement between theory and experiment clarifies the microscopic origin of the current. Thanks to the strongly interacting nature of the system, we have Dm D. In this regime, a current flow is allowed via multiple coherent reflections of quasiparticles between superconducting reservoirsmultiple Andreev reflections, illustrated in Fig. 1D (18) . In this case, the gap for a single particle transfer can be bridged by the simultaneous, coherent transfer of n pairs if nDm > 2D, with a probability of order a 2n . As is seen in Fig. 2B , the drop of current observed at low bias corresponds to Dm~D(1 -a) (18) , where the finite transparency a suppresses the corresponding Andreev processes. The dc should become exponentially suppressed in the very-low-bias regime, which is not resolved in the experiment. A situation different to ours occurs in tunnel junctions with much lower transparencies. There, multiple Andreev reflections lead to a succession of sharp conduction peaks at very low bias (18) current, which is induced by the energy mismatch between the two reservoirs, adds to the dc response (12, (24) (25) (26) (27) (28) (29) but averages to zero in the dc limit and is therefore not measured in our experiment.
We investigated the current-bias relation as a function of temperature, for a fixed gate potential V G = 674 nK. To this end, we introduced a controlled heating of both reservoirs before the transport was started using variable-amplitude parametric heating. With this method, we explored a temperature range of 124 to 290 nK, from a deeply superfluid regime up to the superfluidto-normal transition point. We measured the decay of particle imbalance with increasing temperature and observed a crossover toward exponential decay when temperature is above 145 nK. We extracted the current-bias characteristic (Fig. 3A) using the known finite-temperature EoS of the unitary Fermi gas (8, 12) . With increasing temperature, the nonlinearity disappears, and the current globally decreases. We interpret this as the disappearance of the superfluid contribution to transport as temperature is raised.
From these data, the differential resistance R at low bias is estimated by fitting a line to the low-bias region of the curve. The result is presented in Fig. 3B , where the decrease in R is clearly visible as temperature is decreased. We compare this to a model-independent measure of the nonlinearity of the characteristic provided by the c 2 parameter of an exponential fit to the entire decay curves (12) . This parameter shoots up for the lowest temperatures, whereas t, the fitted exponential time scale, drops in close correlation with R.
In the low-temperature regime, nonlinearity is captured by our mean-field model; however,the model fails to reproduce the resistance at high temperature, indicating a breakdown of the meanfield description. In particular, it predicts a resistance in the linear regime given by the noninteracting Landauer formula, whereas the resistance that we measure is one order of magnitude smaller. This constitutes indirect evidence that the high-temperature state of the gas is not a Fermi liquid because Fermi liquid theory leads to the Landauer formula, setting the upper limit for the current carried by an ideal contact. One possible explanation is the presence of superfluid fluctuations, which are expected to be large close to T C (30) . Indeed, a one-dimensional Fermi gas held between attractively interacting leads, a prototype of a non-Fermi liquid system (31), shows an enhanced conductance (32) (33) (34) .
The physical picture emerging from these measurements relies on the finite-temperature properties of the reservoirs. Some of the intrinsic physics of the channel appears when the mode spacing in the QPC is comparable with the temperature range explored. In this situation, several modes are thermally populated (35) , enhancing transport for increasing temperature and competing with the subsequent reduction of the superfluid current. To show this, we decreased the confinement in the QPC along the x direction to 5 kHz and systematically measured the current at the largest bias as a function of temperature for various gate potentials. The results are shown in Fig. 4A , where the current at high bias normalized to the bias is shown as a function of temperature for various gate potentials. In the linear response regime, this currentbias ratio reduces to the differential conductance.
For large V G , we observed a decrease of the current with temperature over one order of magnitude. In this superfluid-dominated regime, the pairing gap is large compared with both temperature and level spacing in the QPC, which is analogous to the previous measurements. At low V G , the pairing gap is small and vanishes upon heating. In this channel-dominated regime, we observed an increase of the normalized current with temperature, which we attribute to thermal activation of transport channels in the QPC. There again, the current in the high-temperature regime is much higher than that predicted by a Fermiliquid-based Landauer formula.
At equilibrium in the reservoirs, superfluidity is universally related to the local fugacity (36) because of the scale invariance of the unitary Fermi gas. This suggests the parameter m/k B T as a common dimensionless scale for comparing conductances at various temperatures and V G . The normalized current is presented in Fig. 4B all grouped in the high-fugacity regime, below the expected superfluid transition point, confirming that this regime is dominated by superfluidity. Conversely, in the low-fugacity regime the current increases with temperature, corresponding to the channel-dominated regime. The crossover takes place close to the same fugacity for all the gate potentials and is close to the universal transition point for the unitary Fermi gas at the center of the cloud. We expect that the exact location of the crossover as well as the conductance at the minimum depend on the details of the channel geometry, such as its energy-dependent mode spacing.
In addition, proximity effects should be reduced at high temperature, and one-dimensional physics could emerge in the QPC, making the results dependent on the length of the contact (37). Our setup, allowing for a direct and independent control of the geometry, could be used to investigate such effects in future experiments.
